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Outline

Compare	
  simulation	
  and	
  beam	
  test	
  results	
  
• runs	
  with	
  120	
  GeV proton	
  beams	
  launched	
  
toward	
  center	
  of	
  the	
  detector
– Aerogel	
  n=1.03
– Aerogel	
  n=1.025

• Cherenkov	
  Ring	
  Radius
• Number	
  of	
  Cherenkov	
  Photons
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Aerogel	
  n=1.03
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Accumulated	
  hit	
  map	
  from	
  beam	
  test	
  run	
  70



Simulation	
  Setup

• Aerogel
– n	
  =	
  1.03
– Thickness	
  =	
  3.3cm

• Fresnel	
  lens
– f	
  =	
  3”	
  =	
  76.2mm

• Beam	
  
– 120	
  GeV proton
– (x,y)=(0,0)mm
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Analysis
• Sensor	
  

– Q.E.	
  applied
– Pixel	
  size	
  6x6mm2

• On	
  Beam	
  Test	
  Data
– HITTIMEWINDOW=200	
  μs
– 40<Tover threshold<70	
  

(signal	
  amplitude)
• Ring	
  Finder	
  Algorithm

– Expected	
  (r,a,b)=(15.9,	
  0,0)	
  mm
– Deviation	
  (σr ,	
  σa,b)	
  =(3,	
  3)mm
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𝑾𝒄𝒆𝒏𝒕𝒆𝒓 = 𝒆𝒙𝒑 −
(𝒂 − 𝝁𝒂)𝟐+ 𝒃 − 𝝁𝒃 𝟐

𝟐×𝝈𝒂𝒃
𝟐𝑾𝒓 = 𝒆𝒙𝒑 −

𝒓 − 𝝁𝒓 𝟐

𝟐×𝝈𝒓𝟐

(a,b)

(μa, μb)

d

x

y

Reduce	
  noise/background



Cherenkov	
  Ring	
  Radius

Simulation Beam	
  Test
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Analytical	
  calculation	
  :	
  𝑟567	
  9:;	
  <=>?>@ = 15.9	
  mm

• Only	
  the	
  rings	
   that	
  are	
  sitting	
  in	
  the	
  central	
  area	
  of	
  the	
  sensor	
  are	
  counted
• Efficiency	
  is	
  the	
  number	
  of	
   rings	
  which	
  have	
  radius	
  within	
  expected	
  range	
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Number	
  of	
  Cherenkov	
  Photons	
  per	
  Event

Simulation Beam	
  Test
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Analytical	
  calculation	
  :	
  𝑁 = 10.3

num. of photons
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0.06
mean=13.1

=3.1σ

num. of photons
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0.02

0.04

0.06

0.08

0.1 mean=11.4

=2.9σ



Aerogel	
  n=1.025
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Accumulated	
  hit	
  map	
  from	
  beam	
  test	
  run	
  140



Simulation	
  Setup

• Aerogel
– n	
  =	
  1.025
– Thickness	
  =	
  2cm

• Fresnel	
  lens
– f	
  =	
  3”	
  =	
  76.2mm

• Beam	
  
– 120	
  GeV proton
– (x,y)=(0,0)mm
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Analysis

Simulation
• Sensor	
  

– Q.E.	
  applied
– Pixel	
  size	
  6x6mm2

• Ring	
  Finder	
  Algorithm
– Expected	
  

(r,a,b)=(14.0,	
  0,0)	
  mm
– Deviation	
  

(σr ,	
  σa,b)	
  =(3,	
  3)mm

Beam	
  Test
• Cut

– HITTIMEWINDOW=200	
  μs
– 40<Tover threshold<70

• Ring	
  Finder	
  Algorithm
– Expected	
  

(r,a,b)=(14.0,	
  0,0)	
  mm
– Deviation	
  

(σr ,	
  σa,b)	
  =(3,	
  6)mm
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r (mm)
8 10 12 14 16 18 20 22 240

0.1

0.2

0.3

0.4

0.5 eff.=64.1%
r=15.1 mm

=2.2 mmσ

r (mm)
8 10 12 14 16 18 20 22 240

0.1

0.2

0.3

0.4

0.5 eff.=37.4%
r=15.2 mm

=1.3 mmσ

Cherenkov	
  Ring	
  Radius

Simulation Beam	
  Test
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Analytical	
  calculation	
  :	
  𝑟567	
  9:;	
  <=>?>@ = 14.0𝑚𝑚

• We	
  may	
  see	
  no	
  difference	
  between	
  14.0mm	
  and	
  15.9	
  ring	
   radii	
  due	
  to	
  limitation	
  of	
  
pixel	
  size	
  (6x6mm2)



num. of photons
0 10 20 30 40 50 60 70 800

0.01

0.02

0.03

0.04

0.05

0.06 mean=9.3

=2.6σ

num. of photons
0 10 20 30 40 50 60 70 80

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

mean=9.7

=3.5σ

Number	
  of	
  Photons

Simulation Beam	
  Test
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Analytical	
  calculation	
  :	
  𝑁 = 7.3

𝑁 = 2𝜋𝛼𝑑 1 −
1

𝛽6𝑛6 ⋅ 0.92 ⋅ 0.92 Q 0.34𝑒S
TSUVW×57XY

Z

6× 55[×57XY Z ⋅ 0.83𝑒S
]×W^.6[×57XZ_

T`

TZ

Ta

𝑑𝜆
𝜆6 	
  	
  

Aerogel	
  transmission



Transmission	
  of	
  Hubert’s	
  Aerogel
(03-­‐28-­‐2016)

Normalized Photon Spectrum (Hubert's agel)

 (nm)λ
200 250 300 350 400 450 500 550 600 650 700

ra
tio

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 A         0.01512± 0.9873 

Clarity   3.699±   198 

A         0.01512± 0.9873 

Clarity   3.699±   198 

Unscattered photon

Scattered photon

Normalized Photon Spectrum (Hubert's agel) Normalized Photon Spectrum (Marco's agel)
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Unscattered photon

Scattered photon

Normalized Photon Spectrum (Marco's agel)
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Transmission = 𝐴𝑒Slm/T`



Result	
  Summary
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Radius	
  (mm) Num.	
  of	
  Photon

n=1.03 n=1.025 n=1.03 n=1.025
Analytical number 15.9 14.0 10.3 7.3

simulation 15.8	
  ± 1.0 15.2	
  ± 1.3 11.4	
  ± 2.9 9.3	
  ± 2.6

Beam	
  test 15.9	
  ± 1.2 15.1	
  ± 2.2 13.1	
  ± 3.1 9.7	
  ±3.3



To	
  Do

• Beam	
  test	
  analysis	
  
– Review	
  120	
  proton	
  beam	
  data
– pion	
  runs

• Paper
• Belle	
  2	
  analysis
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Back	
  Up
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Cherenkov	
  Ring	
  Radius
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Incident	
  particle

lens

Focal	
  plane

θ’θ
r

f

Aerogel Air

θ
θ’

Estimated	
  value	
  of	
  
Cherenkov	
  ring	
  radius
in	
  modular	
  RICH	
  detector:

𝑟 = 𝑓 ⋅ tan 𝜃� − 3.54

= 𝑓 ⋅ (@ZS5)<ZS�_
Z

6S@Z <Z��_
Z − 3.54

= 76.2 ⋅ (5.7UZS5)<ZS�_
Z

6S5.7UZ <Z��_
Z − 3.54

Proportional	
   to	
  focal	
  length
Gaps	
  between	
  sensors



Number	
  of	
  Cherenkov	
  Photons	
  per	
  Event
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𝑁 = 2𝜋𝛼𝑑 1 −
1

𝛽6𝑛6 ⋅ 0.92 ⋅ 0.92 Q 0.34𝑒S
TSUVW×57XY

Z

6× 55[×57XY Z ⋅ 0.83𝑒S
]×W^.6[×57XZ_

T`

TZ

Ta

𝑑𝜆
𝜆6 	
  	
  

Fresnel	
  lens	
  transmission

Glass	
  window	
  transmission

Sensor	
  quantum	
  efficiency

Aerogel	
  transmission

Estimated	
  number	
  of	
  Cherenkov	
  photons	
  in	
  modular	
  RICH	
  detector:

Maximum	
  number	
  of	
  Cherenkov	
  photons:	
  

𝑁 = 2𝜋𝛼𝑑 1 −
1

𝛽6𝑛6 Q
𝑑𝜆
𝜆6

TZ

Ta
Fine	
  structure	
  const.

Thickness	
  of	
  radiator β=v/c Refractive	
  index	
  of	
  radiator



Design	
  of	
  1st Modular	
  RICH	
  Prototype
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Sensor	
  and	
  readout

Aerogel Thickness	
  =	
  3.3cm
Refractive	
  index	
  n	
  =	
  1.03

Fresnel	
  Lens 262	
  grooves
Focal	
  length	
  f	
  =	
  7.62cm

Mirror	
  set On	
  four	
  sides:
top,	
  bottom,	
  left	
  and	
  right

Sensor
plane

Effective area	
  =	
  9.6cm	
  x	
  9.6cm
Pixel	
  size	
  =	
  6mm	
  x	
  6mm



Ring	
  Finder	
  Algorithm
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Find all possible rings
in an event

Fill possible rings’ r,
(a,b) in a probability
density histogram

x (mm)
-40 -30 -20 -10 0 10 20 30 40

y 
(m

m
)
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Entries  10

0

0.5

1

1.5

2

2.5

3
Entries  10

84th event
a= 0.12mm
b= 0.12mm
r= 15.38mm

The most possible ring
is the densest bin in
the probability density
histogram

Hough	
  Transform	
  Algorithm



Details	
  of	
  Detector	
  Setup
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4	
  sensors
4	
  glass	
  windows

Side	
  view
sensor

Glass	
  window

Sensor	
  plane	
  viewed	
  from	
  the	
  back

1	
  mm

1	
  mm
2mm

2mm52	
  mm

48	
  mm

sensor



Radius	
  (in	
  each	
  event)	
  Distribution
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rexpected

3.54mm

rexpected =18.7-­‐3.54	
  (gap)	
  ±0.60	
  ±3	
  (half	
  of	
  single	
  pixel	
  size)
=15.2	
  ±3.6mm

• Radius	
  of	
  each	
  photon	
  hit	
  from	
  simulation	
   result.	
  
• No	
  Q.E.	
  applied

r≈18.7±0.60	
  mm

Sensor	
  1Sensor	
  2

Sensor	
  4Sensor	
  3
Not	
  on	
  scale



Weight	
  Functions
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𝑾𝒄𝒆𝒏𝒕𝒆𝒓 = 𝒆𝒙𝒑 −
𝒂𝟐 + 𝒃𝟐

𝟐×𝟑𝟐 𝑾𝒓 = 𝒆𝒙𝒑 −
𝒓− 𝟏𝟓. 𝟗 𝟐

𝟐×𝟑𝟐

√(a2+b2)	
   (mm)	
   /	
  r	
  (mm)

(a,b)

(μa, μb)

d

x

y(r,	
  μa, μb)=(15.9,0,0)	
  mm


